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-yisualization  techniques.  Some  exploratory  high  frequency  surface  pressure 
measurements  have  been  carried  out  to  evaluate  the  steadiness  of  these  inter¬ 
actions.  Four  major  new  data  sets  were  generated:  the  flowfield  for  a  10 
sharp  fin  and  24-40°  swept  compression  corner,  surface  pressure  distributions 
and  surface  flow  visualization  for  sharp  fins  at  angles  of  12  to  22°.  and  an 
extensive  set  of  surface  flow  visualization  tests  of  wedges  up  to  24°  and  swept 
from  0°  to  60°. 

Scaling  laws  for  both  surface  and  flowfield  features  have  been  derived. 
Some  limited  studies  were  carried  out  at  a  Mach  number  of  2.  A  flowfield  study 
has  shown  that  the  initial  part  of  interactions  caused  by  the  same  strength  and 
geometrical  shock  wave  generated  by  different  shock  generators  are  all  similar. 
The  "footprints"  of  the  interactions,  as  shown  by  surface  flow  visualization, 
can  be  categorized  as  approximately  conical  or  cylindrical,  and  the  boundaries 
between  these  two  regions  have  been  defined  for  both  Mach  3  and  Mach  2.  There 
are  still  questions  with  regards  to  the  detailed  flowfield  structures  and 
phys  ical  mechanisms,  but  the  three-dimensional  interactions  appeared  to  be 
less  unsteady  than  that  of  two-dimensional  separated  flows. 
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AttSTRACT 


An  t*\tensive  expcT imen t  a  1  study  of  three-dinensionit]  shock 
wave  turbulent  boundary  layer  interactions  caused  by  shock 
generators  defined  solely  by  angles  has  been  carried  out  at  Nach 
3.  Sharp  fins,  sharp  swept  fins,  swept  wedges,  and  semi-cones 
have  been  used  to  generate  a  wide  range  of  shock  waves.  The 
interaction  of  these  waves  with  turbulent  boundary  layers  has 
been  1  n  ver  t  i  };{i  t  e<i  tiy  surface  flow  visualization,  mean  surface 
static  pressure  distributions,  flowfield  surveys  of  total 
pressure  and  yaw,  and  several  flowfield  visualization  techniques. 
Some  exploratory  high  frequency  surface  pressure  measurenents 
have  been  caiiied  out  to  evaluate  the  steadiness  of  these 
interactions.  Four  major  new  data  sets  were  generated;  the 
flowfield  foi-  a  10^'  sharp  fin  and  a  swept  compression 

corn<  f  .  surfiKf'  press uti’  distributions  and  surface  flow  visual  i- 
;'ation  for  sharyi  fins  at  angles  of  12  to  22'',  and  an  extensive 
set  of  surface  flow  visualization  tests  of  wedges  up  to  24®  and 
swept  from  0®  to  60® . 

Scaling  laws  for  both  surface  and  flowfield  features  have 
been  derived.  Some  limited  studies  were  carried  out  at  a  Mach 
number  of  2.  A  flowfield  study  has  shown  that  the  initial  part 
of  interactions  caused  by  the  same  strength  and  geometrical  shock 
wave  generated  by  d i f f e rent  shock  generators  are  all  similar. 

The  "footprints"  of  the  interactions,  as  shown  by  surface  flow 


visualization,  can  no  categorized  as  approximately  conical  or 
cylindrical,  and  the  boundaries  between  these  two  regions  have 
been  defined  for  both  Mach  3  and  Mach  2.  There  are  still 
questions  with  regards  to  the  detailed  flowfield  structures  and 
physical  mechanisms,  but  the  three-dimensional  interactions 


appeared  to  bo  less  unsteady  than  that  of  two-dimensional 


sej>;irateil  flows. 


1  .  INTRODUCTION 

The  subject  contract  covered  a  3-year  experimental  and 
analytic  program  in  the  Gas  Dynamics  Laboratory  at  Princeton 
University.  The  facilities  and  instrumentation,  the  primary 
experimental  tools  of  the  present  investigation,  were  developed 
under  previous  OSR  support  and  were  expanded,  up-graded,  and 
modified  during  the  ;>rosent  program.  The  extensive  results  of 
the  study  have  beei:  documented  in  detail  in  a  series  of  reports 
and  pub  1  1  cfi t  1  ons  and  presented  at  many  national  and  international 
meetings.  Tiie  present  report  is  a  brief  overall  summary  of  the 
activity  under  the  subject  contract,  year — by-year,  which  led  to 
significant  advances  of  our  understanding  of  the  complex  interac¬ 
tion  of  a  shock  wave  and  a  turbulent  boundary  layer.  In  the 
following  sections  the  report  details  the  overall  objectives 
of  the  program  and  t  tic  yearly  programs  which  were  designed  to 
meet  tiie  ovetali  goals  ol  the  subject  contract.  The  general 
cone  1  us  i  ons  ol  t  tic  present  study  are  summarized,  a  brief  report 
is  given  on  ttie  staff  and  students  that  were  involved  in  the 
program,  and  the  significant  scientific  interactions  which 


took  place  are  noted. 


1 1  .  0 V E R A IJ,__ OB J ECTIVES  AND  WORK  STATEMENT 

Previous  studies  which  explored  two-dinensional  and  three- 
dimens  i  oriaJ  i  nt  crac  t  i  ons  of  shock  waves  and  turbulent  boundary 
layers  provided  the  basis  for  the  subject  research  program.  The 
early  work  revealed  many  new  features  and  the  exploratory  studies 
of  several  geometries  began  to  reveal  some  of  the  underlying 
physics.  There  api)eared  to  be  similarities  in  the  interactions 
generated  by  geometries  which  had  no  specific  dimension,  that  is, 
modc^is  wliic.li  could  be  defined  soley  by  angles.  The  subject 
experimental  research  program  had  the  goal  of  achieving  a  better 
understanding  of  the  overall  scaling  and  flowfield  structure  of 
this  class  ol  three-dimensional  shock  wave  turbulent  boundary 
layer  interactions.  The  interactions  were  generated  by  three 
experimental  geometries  designated  the  "sharp-fin”,  "the  swept 
sh<iri>- f  1  n " ,  fitul  1  tn  ’’swept  compression  corner,"  with  the  semi- 
cone  added  iult  i  i,  tiie  program.  Fig.  i.  The  specific  tasks  posed 
in  the  original  work  statement  were: 

1;  examine  the  overall  scaling  of  these  interactions  in 
terms  of  shock  strength,  sweepback  angle,  geometry,  and  other 
pertinent  parameters. 

2)  perform  experiments  designed  to  reveal  the  Mach  number 
effect  on  the  interaction  scaling. 

3}  based  on  the  results  of  these  experiments  and  analyses, 
attempt  to  construct  an  overall  scaling  framework  which  relates 
the  characteristics  of  the  individual  interactions. 
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4)  by  means  of  appropriate  flowfield  surveys  and  flow 
visualization,  examine  the  physical  mechanisms  and  flowfield 
slruflures  which  lead  lo  the  observed  overall  scaling  behcivior. 

As  the  research  progressed  with  the  three  original  con¬ 
figurations,  the  fourth  geometry,  a  semi-cone  was  added  as  a 
specific  test  of  some  of  the  new  concepts  of  conical  similarity. 
The  stud,  of  t)iurited  fins,  a  geomcrtry  with  a  geomct  r  i  c.'i  1  dimen- 
sioii,  wt.i<h  liad  been  studied  under  previous  O.SR  support,  was 
scpniafed  out  as  not  being  part  of  the  class  studii;d.  Tliis  work 
was  continued  under  separate  Navy  support. 

The  original  contacts  with  computations,  primarily  carried 
out  with  Dr.  C.  C.  Horstman  of  NASA-Ames,  was  expanded  consider¬ 
ably  in  the  latter  phases  of  the  present  program  with  the 
inclusion  of  Prof.  D.  Knight  of  Rutgers.  Although  the  involve- 
mc.  It  1  i  !  1:  f  oi  I  ’ll  ■  ■  i  (  I'  V'  n  lui  (  f;  a  j  <  of  the  o  i  i  t  i  r  a  '  r  on  i  f.  , 
it  becdiiK  an  imj’Ortant  element  in  the  subject  program.  The 
coopeiation  pro\id(.(l  a  key  element  of  compu  t  ut  i  onn  1  valicir.tiori 
and  a  source  for  new  insights  into  the  flowfield  which  could  not 
be  obtained  directly  in  the  present  program. 


11] .  YEARLY  PROGRAMS 


The  overall  objectives  of  the  subject  contract  were  used  to 
lay  out  specific  yearly  tasks,  formulated  to  build  a  structure 
for  the  overall  proffram  which  would  provide  the  basis  for  the 
final  resolution  of  the  problems  tackled.  In  the  following 
sections  tlie  yearly  objectives,  a  brief  summary  of  the  work 
accomplished,  and  a  brief  review  of  the  detailed  work  carried  out 
during  each  of  thi-  contract  years  is  f>resented. 

1  .  VpilLly _ hesearcji _ Qbj(?ctives 

a  . 

The  I  esearch  objectives  for  the;  1981-82  contract  year 

wer  e : 

1  continue  to  reduce;,  analyze,  and  correlate  existing 
data  base , 

2  dc-sign,  fat>ric:ate,  install,  and  calibrate  a  new,  lower 
Mri-'li  number  noz/le  for  the  20  x  20  cm  High  Reynolds  Number 

1  u  n  n  c  j  , 

3  develop  eincl  use  flow  visualization  techniques  suitable; 
for  high-speed  3D  turbulent  flows, 

4^  use  the  comput  er-controlle:d  "cobra"  yaw  probe  to 
investigate  the  flowfield  of  a  sweptback  compression  corner, 

5)  conduct  tests  and  analyses  aimed  at  defining  the 
boundary  of  cylindrical  and  conical  flow  symmetry  in  3D  swept 
corner  flows  at  Mach  3, 


6y  build  the  data  base  at  Mach  3  in  certain  important 
areas,  iiicludijitj  suriace  pressure  measui  eiuents ,  usinti  the  swept 
f  in  . 

b  1982-  B3 

The  research  objectives  for  the  1982-83  contract  year  were : 

1 examine  the  applicability  of  the  classical  "independence 
princi)>le"  for  the  scaling  of  swept  cylindrical  shocrk /boundary 
layer  interact  ion i,, 

2  ihi  app  1  i  cal)  i  1  i  t  y  ot  the  established  Reynolds 

number  scaling  law  for  3D  interaction  surface  features  to 
interaction  f 1 ow  f j  e  1  ds  as  well, 

3)  perform  21)  compression  corner  experiments  at  Mach  2  as 
a  first  stt[‘  in  extending  the  Reynolds  number  scaling  law  to 
variable  Mac.h  number  conditions, 

‘1  expand  the  Mach  2  experimental  data  base  for  both  fins 
arid  swi  pt  coni]  i  t  i  firi  (ornerr. , 

r.  find  tlic  cy  1  i  nd  r  i  ca  1 /con  i  ca  1  flow  regime  boundary  at 
Mach  2  and  combjue  this  with  previous  Mach  3  results  in  order  to 
gain  further  insight  on  the  physics  of  the  phenomenon, 

6)  begin  the  formulation  of  an  overall  scaling  scheme  for 
non-dimensional  3D  interactions  generated  by  geometrically 
dissimilar  shock  generators, 
c)  1983-84 

The  research  objectives  for  1983-84  contract  year  were; 

1  with  the  addition  of  the  semi-cone,  consider  the  overall 


similar ily  conditions  for  conical  shock  wave  turbulent  boundarj 
1  ayc-i  i  n  I  fiat  t  i  tins  . 

2)  extend  the  shnrp  fin  studies  to  higher  angles  to 
provide  an  extended  cross-check  of  strong  shock  interactions 
generated  the  wedge  studies. 

3)  initiate  a  review  of  the  work  carried  out  under  the 
present  and  previous  contracts  to  integrate  surface  flow  visual¬ 
ization,  pressure  distributions,  and  flowfields,  in  the  light  of 
till'  iotice)>ts  of  s <'i><i I  ii t  1  on  and  r eat t achnien t  ,  conical  and  cylin¬ 
drical  flows,  and  to  provide  the  first  basis  for  the  studies  of 

s  t  C'iui  j  net',  s  , 

4}  expand  the  interactions  with  the  computational  groups 
at  NASA-Amos  and  Rutgers, 

r>  '  iriitiale  the  initial  high  iiequency  studier.  to  determine 
the  steadiness  of  the  three-dimensional  interactions  which  are 
the  i>rimar>-  frubjei  t  of  the  current  contract,  these  studies  to 
include  hot-wire  and  high  frequency  surface  static  pressure 
men .«•.  ii  r- cmeri  t  s  . 

2 .  Summary  of  Work  Accompl i shed 

A  brief  summary  of  the  work  accomplished  during  each  of  the 
contract  years  is  noted  below: 

a )  19bl-82 

Progress  during  the  1981-82  contract  year  included  the 
experimental  definition  of  cylindrical  and  conical  flow  regimes 
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in  interactions  generated  by  swept  compression  corners  at  Mach 
3,  and  a  tent'i(i\<  {diysital  exf)  1  ana  t  i  on  of  these  phenoniena.  A 
parallel  study  of  interactions  generated  by  sweptback  fins 
indicated  conical  interaction  symmetry.  The  character  of  flow 
unsteadiness  at  the  beginning  of  a  separated  shock /boundary 
layer  interaction  was  studied  and  was  found  to  be  of  greater 
importance  than  was  generally  thought.  The  experimental  testing 
capability  was  c-xtended  through  t  li«-  fabrication  and  calibration 
of  a  Macli  2  nozzle  and  the  use  of  a  computer-controlled  auto¬ 
nulling  yaw  j'T'obi  .  An  initial  study  of  t  hree-d  i  mens  i  onji  1 
h  i  g  h  -  s  pec.  d  flow  V  i  6  ua  i  i  z  a  t  j  on  uncovered  sevejal  promising  new 
techniques.  finally,  cooperative  efforts  were  initiated  with 
other  investigators  who  had  developed  computational  methods  to 
prerlict  ric'Vf.  i-.i  tl,(  t  yi>e  under  investigation. 

b  1,9^2 -83 

f’rogress  during  (  iic  J  9fi2-  R3  contract  year  included  tin 
experimental  test  of  the  "independence  principle"  applied  to 
swept  cylindiical  i  n  t  e  r  a  c:  I  i  ons  .  Two  major  experimental  flowfield 
survey  programs  proved  that  the  Reynolds  number  scaling  law 
previously  developed  for  31)  interaction  surface  features  holds 
for  the  corresponding  flowfields  as  well.  A  series  of  2D 
interaction  experiments  at  Mach  2  were  carried  out  as  the  first 
step  in  extending  this  scaling  philosophy  to  variable  Macli 
number.  Also  at  Mach  2,  the  swept  compression  corner 
cy 1 i ndr i ca  1 /con i ca  1  flow  regime  boundary  was  found  and  compared 


to  previous  Mach  3  results.  The  Mach  2  studies,  although 
limited,  werf  used  to  explore  the  general  extension  of  the  Mach 
3  results  to  lower  Mach  numbers.  Although  the  scaling  results 
are  similar,  the  coefficients  of  the  derived  empirical  laws  for 
Mach  2  are  significantly  different,  and  the  general  use  of  the 
scaling  parameters  requires  broader  Mach  number  variation  to 
substantiate  variable  Mach  number  predictions.  Finally,  a 
"conical  similaiity"  hypothesis  was  proposed  as  fi  means  of 
correlatirjg  atid  und<?rs  t  and  i  ng  the  behavior  of  interactions 
prodiu fd  li>  geometrically  dissimilar  shock  generators.  Addi¬ 
tional  experiments  using  fin,  swept  corner,  and  semicone  shock 
gincintors  lent  strong  support  to  this  hypothesis.  Detailed 
interactions  with  the  computational  activities  at  Ames  and 
Rut  get  i.  were  coiitirnied  with  interchanges  of  data  and  comput  a- 
lionnl  results  and  consultation  on  specific  tests  and  computa¬ 
tions  lOr  the  futuie. 

c  1  19«3-84 

TJif  main  ejii)')i!i‘.  i  s  was  on  the  concepts  of  similntily  con¬ 
ditions  which  integrated  the  studies  of  fins,  wedges,  and  cones. 
It  was  found  that  the  interaction  characteristics  depend  pri¬ 
marily  on  the  inviscid  shock  wave  strength  and  shape,  and  conical 
similarity  was  found  for  disparate  shock  generators.  A  signi¬ 
ficant  effort  was  expended  in  expanding  the  data  base  for  sharp 
fins.  With  the  extensive  swept  wedge  studies,  the  shock 
strengths  generated  varied  over  a  much  wider  range  than  those 
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available  from  the  fin  results.  A  new  model  and  test  program 
have  extended  t  tie  fin  results  to  as  high  as  22^  ,  providing  the 
base  for  an  extended  study  of  strong  shocks  generated  by  this 
geometry.  The  range  from  12^  to  22^  reveals  the  development  and 
then  disappearance  of  a  feature  called  ’’secondary  separation” 
for  tests  with  thin  boundary  layers.  This  phenomena  was  not 
found  for  the  thick  boundary  layer  case.  A  critical  review  was 
initiated  in  iin  jittcmpt  to  integrate  the-  significant  data  sets 
which  have  been  generated  recently  with  the  previous  work  and,  i 
parti  culm,  to  focus  on  questions  of  separation,  coni  cal /c.yl  in- 
diieal  boundaries,  and  steadiness.  There  are  still  unanswered 
questions  regarding  the  concepts  of  separation,  and  the  defini¬ 
tive  conclusions  can  not  yet  be  supported  by  the  data  base.  The 
concept  of  a  rather  sharp  division  between  conicnl  and  cylindri¬ 
cal  flows,  as  pteviously  suggested,  has  been  re-examined  in 
detail.  Although  there  appears  to  be  regions  in  which  the  flow 
is  approximately  conical  or  cylindrical,  the  boundary  between 
the  two  regions  is  not  ns  sharply  defined  as  pireviously  jiroposed 
The  lack  of  specific  data  available  to  evaluate  steadiness  of 
the  flow  rt-quired  the  development  of  a  new  program  in  that  area. 
Initial  results  were  obtained  using  hot-wires  and  high  frequency 
surfae  presure  gauges  which  indicated  that  the  three-dimensional 
flows  under  consideration  were  unsteady,  but  they  appeared  to  be 
considerably  more  steady  than  two-dimensional  separated  flows. 
The  flowfield  scaling  predicted  by  experiment  has  now  been 


compared  with  a  series  of  computational  studies  covering  a  fairly 
wide  range  of  geometries.  Generally,  upstream  influence  predic¬ 
tions  arc  rensonatily  close  to  experiment,  deviating  somewhat  at 
high  sweep  angles. 

.  bricl  I'l'ogress  Heviews 

In  the  following  sections  we  briefly  review  the  progress 
made  each  yea:  in  suppoi  i  of  the  research  ob>jectives. 

a  I  1  ogl^es^.  tlat  iii)'.  lOHl  Hll 

1  /  Conical  and  Cylindrical  Flows:  Existing  Data 
base  and  New  Experiments 

Our  initial  exploratory  work  with  sweptback  compression 
corners  (carried  out  under  AFOSR  sponsorship  in  1979  and  1980) 
revealed  the  existence  of  both  cylindrical  and  conical  3D 
shock /boundarc  layer  interaction  regimes.  The  limited  investi- 
g.'it  jonr  pi  I'M  te  t  li .  s  t  iru  had  shown  some-  evidtjiice  ol  such 
regimes,  but  no  single  study  had  previously  revealed  the  fact 
that  boiii  arc  possible  within  the  parametric  variation  of  a 
single  experimental  geometry.  One  of  our  major  goals  was  to 
understand  how  and  why  it  happens,  so  as  to  gain  a  better  grasp 
of  the  overall  scaling  rules  which  govern  3D  interactions  in 
general.  The  existence  of  either  conical  or  cylindrical  symmetry 
offered  the  poss ib i 1 i ty  of  a  powerful  simplification  of  3D 
interaction  scaling,  i . e .  .  that  one  of  the  three  space  dimensions 


might  be  degenerate',  so  that  quas  i  - 1  wo-d  imens  i  ona  1  (2D)  scaling 


apply.  It  would  then  be  necessary  only  to  know  the  forn 
of  the  quasi-2D  scaling  rules  and  the  boundary  between  cylin¬ 
drical  and  conical  regimes. 

While  tlie  appropriate  quasi-2D  scaling  rules  were  still 
subject  to  ongoing  study,  a  possible  "breakthrough”  in  under¬ 
standing  the  cy 1 i ndr i ca 1 /con ica 1  boundary  was  made  by  examining 
the  existig  matrix  of  parametric  swept  corner  experiments  in  a-X 
coordinates,  whi-re  a  is  the  streamwise  comi>resion  corner  angle 
and  ^  is  tlie  sweepLack  angle  (see  Fig.  4;.  We  developed  experi- 
mentuJ  criteriii  with  wliich  to  judge  whether  a  given  swept  corner 
interaction  was  asymptotically  cylindrical  or  conical.  Plotting 
these  points  in  a  X  space,  a  rough  outline  of  the  cylindrical/ 
conical  boundary  appeared.  We  then  carried  out  experiments  for 
additional  a-X  combinations  in  order  to  define  this  boundary 
with  an  accuracy  of  about  ±3"^  in  ^  (see  Fig.  2).  We  noticed  a 
sin:ilai  it>’  l/fiwec-n  ttic  observed  flow  regimes  houndai  y  and  the 
conditions  for  inviscid  shock  wave  detachment  from  the  swept 
compression  corner.  Inviscid  detachment  appeared  to  approximate 
the  asymptotic  shape  of  the  interaction  ,  subject  to  two  condi¬ 
tions  of  interpretation:  1)  that  the  "effective"  detachment 

Mach  number  in  the  boundary  layer  is  less  than  that  in  the 
freestream,  and  2)  that,  for  sufficiently  high  a  and  low  X,  no 
practical  experiment  can  be  done  without  the  effects  of  finite 
model  geometry  becoming  important. 
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2  )  Mach  2.0  Experimental  Capability 
In  order  to  assess  the  effect  of  Mach  number  on  3D  shock/ 

turbulent  boundary  layer  interactions,  we  designed,  built,  and 
calibrated  a  Mach  2  nozzle  for  our  high-Reynolds  number  test 
facility.  The  results  of  the  calibration  revealed  that  the  new 
nozzle  is  successful  in  providing  a  clean  Mach  2  freestream  but 
the  wall  boundary  layer  was  not  as  uniform  as  required  for  our 
tests.  The  pitot  traverse  along  the  centerline  of  the  test 
section  showed  no  flow  disturbances  other  than  weak  waves  from 
the  nozzle  exjt  ,  window  plugs,  etc.  Tht;  mean  Mach  number  was 
found  to  be  l.yS.  The  turbulent  boundary  layer  on  a  flat  plate 
installed  in  the  test  section  was  surveyed  extensively  and 
exhibited  the  expected  wall-wake  criteria  for  equilibrium. 

Figure  3  illustrates  the  boundary  layer  growth  in  the  streamwisc 
direction.  The  results  define  the  incoming  conditions  for  3D 
i  n  t  c  r  ,'i  c  t  i  on  studies  to  tx-  carried  out  nt  Mach  L’  duriiir  the 
following  contract  year. 

3  311  Flow  Visualization 

Recognizing  that  the  inability  to  visualize  complex  3D 
flows  at  high  speeds  was  a  major  stumbling  block  to  our  work  and 
that  of  others,  we  initiated  a  research  effort  to  develop  new 
I  techniques  for  that  purpose.  A  number  of  potentially  promising 

concepts  were  tested  at  Mach  3  and  high  Reynolds  numbers.  Five 
of  these  gave  useful  results  which  were  put  to  general  use  in 
I  our  research  program  where  appropriate. 

I 

! 


Onr  {]if‘  most  usf'fu]  of  thosp  terhniques,  as  illustratod 


in  Figs.  4  and  5,  is  the  "local  vapor  screen."  Instead  of 
attempting  the  complex  procedure  of  seeding  the  entire  wind 
tunnel  flow  with  an  aerosol,  we  inject  a  volatile  liquid  only 
through  a  suitable  orifice  in  the  inmediate  flow  region  of 
interest.  The  action  of  boiling  and  turbulent  unsteadiness 
creates  a  local  "tog''  from  this  injectant  ,  which  is  rendered 
visible  by  ar>p  t  o[i  r  i  a  t  e  lighting. 

All  oi  the  f 1 ow  visualization  techniques  which  proved 
successful  hvTve  been  made  available  to  the  research  community  in 
a  publication  by  Scuttles  and  Teng.  Meanwhile,  our  flow  visuali¬ 
zation  development  continued  with  emphasis  on  high-speed  photo¬ 
graphy. 

4  !  "(.'obra"  Probe  Surveys 

Ilic:  automat  c'cl  "cobra"  probe  for  3D  flowfield  yaw  surveys 
was  completed  and  tested  during  the  previous  contract  year. 

This  year  wc  began  to  use  it  to  obtain  data  on  the  flowfield 
structures  of  3D  interactions.  The  initial  experiments  were 
done  using  the  swept  corner  geometry  at  Mach  3,  which  is  depicted 
in  Fig.  4.  However,  we  chose  the  swept  shock  interaction 
generated  by  a  sharp-leading-edge  fin  for  the  first  major  test 
using  this  new  flowfield  diagnostic  instrument. 

The  swept  shock  interaction,  as  diagrammed  in  Fig.  6,  takes 
place  both  on  the  tunnel  floor  and  on  a  flat  plate,  yielding  a 
difference  in  incoming  turbulent  boundary  layer  thickness  of 


about  3:1.  Our  previous  work  under  AFOSR  support  has  shown  that 
its  "footprint",  when  scaled  by  6©  ,  varies  as  at  Mach  3 

The  question  of  whether  or  not  the  entire  f  1  owf  i  e  1  d  also  follows 
this  scaling  rule  was  an  important  one  which  the  experiments 
addressed.  Specifically,  we  chose  survey  planes  at  appropriate 
distances,  Z,  from  the  fin  leading  edge,  according  to  the  above 
scaling  rule,  for  both  the  flat  plate  and  tunnel  wall  interac¬ 
tions  with  =  10  We  then  carried  out  detailed  flowfield 

surveys  in  both  cases  using  the  automated  cobra  probe. 

Typical  results  of  these  surveys  are  illustrated  in  Figs.  7 
and  R,  which  depict  maps  of  both  pitot  pressure  and  yaw  angle 
contours  for  the  tunnel  wall  case.  The  crux  of  the  experiment 
involved  comparing  the  survey  results  for  the  tunnel  wall  and 
flat  plate,  scaled  appropriately,  to  determine  whether  or  not 
the  f>reviously  established  scaling  law  was  effective  for  flow- 
field  as  well  as  "tootprint"  shape  and  size.  Preliminary 
indications  were  that  the  scaling  law  was  successful  in  the 
interaction  flowfield. 

5 )  Data  Base  Extension:  Swept  Fin  Geometry 

Additional  surface  pressure  measurements  were  made  to 
extend  the  current  Mach  3  data  base  for  the  case  of  the  swept 
fin  geometry.  An  example  of  these  measurements  is  shown  in  Fig. 
9.  Depicted  in  this  figure  are  streamwise  surface  pressure 
distributions  at  various  distances  spanwise  from  a  swept  fin 
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with  55-  leading-edge  sweepback  angle.  After  an  initial  "incep¬ 
tion  length"  from  the  leading  edge,  the  length  scale  of  these 
distributions  was  ohscrvc'd  to  grow  almost  linearly  with  spanwise 
distance  y.  By  finding  a  virtual  origin  for  this  growth  (denoted 
by  ty)  we  collapsed  pressure  distributions  at  various  spanwise 

distances  onto  a  common  curve  in  conical _ coordinates .  as  shown. 

This  illustrated  that  the  swept  fin  interaction  in  question 
obeyed  a  quas i -con i cn 1  symmetry.  This  result  is  consistent  with 
the  previous  symmetry  arguments  stated  for  swept  compression 
corn  e  r  s . 

In  addition  to  support  from  the  subject  contract,  the  swept 
fin  experiments  were  partially  funded  by  Grant  NAG-2-109  from 
NASA-Ames  Hesearch  Center. 

Wall  Pressure  Fluctuations 

Hi gh- f requency- response  Kulite  pressure  transducers  were 
UF.fii  tc  t  MI  •  •  I  o‘.o  I  \f'd  measiiremerit  s  of  the  surface  pressurt' 

near  the  beginning  of  the  two-dimensional  24“  compression  corner 
flowJiild  i  J  J  us  t  r  at  0(1  in  Fig.  10.  The  rationale  for  this 
experiment  arose  from  earlier  tests  in  which  it  was  found  that 
the  three-dimensional  separated  flow  ahead  of  a  blunt  fin  was 
unsteady.  The  question  then  arose  concerning  the  steadiness  of  a 
nominally  2D  internet i on .  The  results  showed  that 

large-amplitude  pressure  fluctuations  exist  near  the  beginning 
oi  the  interaition  in  the  region  where  the  mean  wall  pressure 
rises  rapidl>.  Ttiere  is  a  strong  indication  that  the  flow  in 


this  region  is  dominated  by  an  unsteady  shock  wave  structure 
undergoing  random  strcamwise  excursions  on  the  order  oi  the 
incoming  boundary  layer  thickness.  Thus,  the  familiar  shape  of 
the  me.Tn  wall  pressure- ri  sc  is  actually  due  to  the  superposition 
of  intermittent,  high  amplitude,  shock- induced  fluctuations  on 
the  pressure  signal  of  the  undisturbed  incoming  boundary  layer. 
This  phenomenon  is  illustrated  by  pressure-t ime  histories  at 
three  selected  n<ar  the  beginning  of  the  interaction  in 

Fig.  11. 

lhe£',f-  Jesuits  ha\(  some  important  implications:  numerical 

solutions  of  the  Nav i er-S t okes  equations  for  such  interactions 
generally  do  not  account  for  such  high-frequency  unsteadiness, 
so  that  an  iniportant  physical  mechanism  may  be  overlooked  in 
these  solutions.  It  is  clear  that  mean  wall  pressure  distribu¬ 
tions  and  surface  streak  patterns  display  some  type  of  average  of 
the  f  1  iw  t  II  n  t  1  ti  (■  t  ■  ow  ,  hul  the  n.itiijc  of  this  fiverfige  it.  unclear. 
Thus  the  propir  interpretation  of  such  mean  measurements  is 
somcwhiif  clouded.  ,  h  i  .s  t.ubjc‘<t  clearly  deseTv<;s  additional  study 
and  must  also  be  considered  in  the  three-dimensional  cases. 

This  work  was  supjiortcd  primarily  by  Contract  Nb0921-82-K- 
0064  from  the  Naval  Air  Systems  Command .  However,  the  develop¬ 
ment  of  the  h i gh- f requeney  Kulite  cell  and  data  acquisition  and 
reduction  capability  has  been  under  AFOSR  support  as  a  necessary 
capability  for  the  three-dimensional  work  to  follow. 
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^  '  P r og rAt s  d ur ing  1982-83 

1  )  A  Test  of  the  **  I  ndependence  Prinriple” 

i n _ Swep t  Cylindrical  Interactions 

Out  past  research  had  shown  that  cylindrical  interactions, 
in  which  the  interaction  scale  becomes  constant  with  respect  to 
the  spanwise  dimension,  comprised  an  important  3D  interaction 
flow  reginn'.  It  is  this  regime  which  bridges  the  gaj)  between 
two-dimensional  (21*  and  conical  (3D)  shock- induced  flows. 

Fui  thtM',  our  pievjous  work  had  identified  both  the  cylindrical  - 
conical  regime  boundary  at  Mach  3,  and  the  probable  physical 
explanation  of  its  occurrence.  We  approached  this  problem  using 
the  classical  notion  of  quasi-2D  flow.  Since  one  of  the  three 
space  dimensions  is  degenerate  for  cylindrical  interactions,  one 
may  begin  by  assuming  that  the  flow  in  any  plane  normal  to  the 
c.'Jiiidiical  axis  of  symmetry  is  identical  to  on  "equivalent"  2D 
liow.  Tins  assutnptioa  has  been  termed  tlie  "independence  prin¬ 
ciple,"  since  it  requires  that  flows  in  the  normal  and  crossflow 
directions  be  independent  of  one  another.  It  was  reasoned  by 
early  investigators  that  the  independence  principle  could  not 
hold  for  turbulent  flows  at  any  speed,  since  the  inherent 
nonlinear  31)  nature  of  turbulence  precludes  a  simple  decoupling 
of  normal  and  spanwise  flows. 

Thus,  even  though  there  is  good  reason  to  doubt  a  simple 
applicability  of  the  independence  principle  to  cylindrical  3D 
interactions,  a  proper  experimental  test  of  the  principle!  has 
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nevt-r  been  made  in  such  flows.  We  have  been  able  to  carry  out  a 
rigorous  test  of  the  independence  principle  as  outlined  above. 

It  required,  in  addition  to  our  extensive  data  set  on  swept  30 
interactions,  a  knowledge  of  how  the  2^  interaction  scale  varies 
with  Mach  number.  This  was  obtained  from  the  comprehensive 
exper  iment  cj  1  data  of  Hoshko  and  Thomke  (  A I A  A  J  .  .  July  1976).  We 
were  able  to  recast  their  experimental  data  correlation  form  in 
a  Ka>'  that  receals  t>ot}i  Marh  and  Reynolds  number  effects  expli¬ 
citly  as  a  function  of  compression  corner  angle,  a. 

Comparing  the-  21)  and  cylindrical  3D  results,  at  the  same* 
norma)  Mach  number,  is  shown  in  Figs.  12a  and  12b.  As  one  might 
expect,  Uie  crossflow  coupling  is  negligible  at  small  sweepback 
angles.  The  independence  principle  thus  holds  within  the  data 
accuracy  for  sweepback  angles  up  to  10^  -  20'"’,  beyond  which  it 

fails  prog  ress i \ e  1  \  . 

I  iiK.liy,  dill  Iliac  assume  quasi  21!  flow  for  the  entire  range 
of  swept  cylindrical  interactions  if  an  appropriate  "crossflow 
correction'  cun  be  found  to  remove  the  progressive  failure  of 
the  independence  principle  with  increasing  sweepback  angle,  X  . 
Such  a  correction. 


J 


V*  « 


1/(1  +  K  tan2X)^ 


t 


was  suggested  by  Prof.  George  Inger,  based  on  his  ongoing 
research  concerning  the  3D  1  aw- of- 1 he-wa 1 1  and  eddy  viscosity. 


As  shown  in  Fig.  J3,  an  empirical  value  of  K  “=  4  in  this  correc¬ 


tion  succeeds  in  accounting  for  crossflow  coupling,  thus  permit- 
ling  the  genera]  ap;>  1  i  cab  i  1  i  1  y  of  the  qunsi-2D  assumption. 

While  this  correction  term  suggests  that  crossflow  coupling  is  a 
purely  geometrical  function,  our  research  is  continuing  to 
search  for  its  comiilete  physical  meaning. 

2  >  Reynolds  Number  Scaling  of  3D  Interaction 
FI owf i t  Id s 

Oui  pre\if)uf.  AFOSR  supported  research  led  to  a  scaling  law 
for  Reynolds  number  effects  on  3D  interactions.  We  were  able  to 
demonstrate  the  generality  of  this  scaling  law  in  that  it 
described  both  fin-  and  swept -corner-generated  interactions  at 
Mficli  3.  However,  ihis  demons  i  rai  i  on  had  been  made  only  for  the 
sur_face  features  of  these  interactions  (static  pressures,  streak 
angles,  etc.:.  A  more  rigorous  test  including  the  frntire 
flow-field  was  r '■  i;  1  !  '  .  A  s  har  p  -  I  ead  i  ng- edg  e  fin  at  10  angle 

o  1'  attu<.K  was  tested  with  two  different  equilibrium  incoming 
boundary  layers.  Detailed  yaw  angle  and  pitot  surve\s  were  made 
under  both  test  conditions  in  order  to  map  the  respective 
interaction  flowfields.  The  major  point  of  these  experiments 
was  to  correlate  the  flowficld  maps  of  the  two  interactions 
using  the  Reynolds  number  scaling  law  previously  derived  based 
on  surface  measurements. 

As  illustrated  by  Fig.  14,  the  experimental  results  gen¬ 
erally  support  this  concept.  In  X  and  Z  coordinates,  scaled 


according  to  the  established  Reynolds  number  law,  the  thin  and 
thick  boundary  layer  interactions  exhibit  a  close  similarity  of 
mean  pitot  pressure  contours  (PT).  The  Reynolds  number  scaling 
law  is  shown  to  hold  reasonably  well  for  flowfields  as  well  as 
surface  interaction  features. 

A  sf'i'ies  of  flowiield  surveys  similar  to  those  described 
above  for  the  Qt  =  10*  fin  interaction  were  also  carried  out  for 

one  swofit  compression  corn<'r  interaction  described  by  angles  a  = 
24  aiid  X  -  40  .  Cobta  probe  surveys  were  made  with  two  incoming 
turbulent  boutK!fii>  Iciyer  thicknesses.  The  purpose  of  these 
experiments  was  twofold.  First,  it  was  desired  to  check  the 
app  i  cab  i  1  i  t  y  of  the-  established  Reynolds  number  scaling  law  to 
the  llowfield  features  of  an  additional  important  interaction 
class.  Second,  these  measurements  would  provide  the  first 
quantitative  data  on  swept  corner  interaction  flowfield  features. 

1  t  ui!  t  licni  w.  ti'ind  to  priin  insji'ht  intf>  the  i>hysicfil  nature  of 
conical  a  L  c  o  r  n  (.■  t  flows. 

Concerning  f  fi<  scaling  law  check,  the  results  are  illus¬ 
trated  in  Fig.  15.  Here  the  significant  flowfield  features 
(separation  shock,  coalesced  shock,  and  slip  line)  are  shown  in 
scaled  coordinates  for  both  the  thin  and  thick  incoming  boundary 
layers.  The  comparison  between  the  two  is  excellent,  lending 
further  credibility  to  the  established  scaling  law  as  a  proper 
representation  of  Reynolds  number  effects  on  3D  interactions. 


These  results  have  been  analyzed  in  detail  in  an  MbE  Thesis  by 


Mr.  T.  M.  McKenzie. 

TJie  flowl'ield  data  for  tht?  24-40  •  swept  corner  interaction 
provided  an  important  new  test  case  for  computational  solutions 
of  the  .Navier- Stokes  equations.  In  his  cooperative  AFOSR- 
sponsored  research  prog;ram,  Prof.  Knight  of  Rutgers  discussed 
his  plans  to  bef»in  swept  corner  computations  and  Dr.  C.  C. 
Horstnian  of  NASA-Ames  Research  Center  has  computed  the  24-40'' 
casi  .  lilt  onteoDu  oi  these  computational  efforts  and  their 
comparison  witti  ttie  experiment  provided  important  new  informa¬ 
tion,  since  the  24-40^'  swept  corner  interaction  is  2  to  3  times 
stronger  (in  terms  of  shock  pressure  ratio)  than  the  strongest 
slrarp  t  in- gCMier  a  t  ed  interaction  which  had  been  computationally 
modeled  thus  far. 

,  21'  C  ompr  (;s  s  i  on  Corner  Kxperiments  at  Mach  2 

niiai  Lii:.  [.'t  .1  Jciiincd  about  oD  interactions  owed  niucli  to 
out  prioi  knowledge  ol  related  2D  interactions.  This  Knowledge 
was  1  n  s  1 1  uiiic  a  i  a  i  ,  lor  example,  in  out  df^rivation  of  u  general 
Reynolds  number  scaling  law.  A  first  step  in  our  Mach  2  exper¬ 
iments  was  to  determine  the  behavior  and  range  of  the  Reynolds 
number  scaling  exponent,  n.  The  Mach  2  results,  with  an  average 
value  of  n  =  -1/2,  were  quite  similar  to  that  previously  observed 
at  Mach  3,  except  that  n  =  -1/3  in  the  latter  case.  This 
indicates  that  the  Re^j  residual  scaling  effect  was  stronger  at 
the  lower  Mach  number,  which  remains  to  be  explained  on  a 


physirol  basis  through  further  research  and  analysis.  It  also 


provides,  a  basis  ^ith  whicli  to  extend  itie.  present  sesiling 
philosophy  to  general  30  interactions  at  Mach  2. 

4 )  Sharp  Fin  Experiments  at  Mach  2 

A  second  phase  of  our  initial  Mach  2  experiments  involved 
exploratory  tests  of  sharp  fin  and  swept  corner  interactions. 
These  experiments  were  exploratory  in  the  sense  that  they  were 
designed  to  provide  an  initial  look  at  the  possible  interaction 
re);imes  iil  t  hi  new  Mac  li  number,  and  also  to  discover  the  limits 
of  sho<  k  genet  at ot  si7e  and  shape  within  which  tunnel  stalling 
could  be  avoided.  Kin  angles  ot  attack  above  R-  were  not 
possible  to  run,  at  least  with  the  original  model  and  test 
section  c  on  f  i  gu  r  t  i  on  ,  due  to  blockage  generated  by  the  strong 
sl.ock  wo  VC/ s  i  dewa  I  i  boundary  layer  interaction.  Both  surface 
fj<iw  \  j  s  ua  1  i  fi  t  i  oji  traces  and  surface  pressure  distributions 
were  t.iken  for  th*^'  availntiJe  test  conditions.  The  results  of 
these  tests,  and  limited  21)  compression  corner  tests  using  the 
Mach  2  tunnel  floor  boundary  layer,  indicated  the  problems  with 
the  two-dimensionality  of  that  layer  and  the  study  wns  discon- 
t  inued . 

Similar  fin  interaction  experiments  were  carried  out  using 
a  flat  plate  boundary  layer  at  Mach  2,  which  has  proved  to  be 
two-d  imeiis  i  onul  .  Again,  blockage  prevented  any  tests  at  a  fin 
angle  of  attack  greater  than  8*^. 


^  ’  Swept  Corner  Cvl indricnl /Conical  Boundary  at  Mach  2 

An  appropriate  selection  of  models  from  our  swept  compres¬ 
sion  corner  test  matrix  was  also  tested  at  Mach  2.  The  exper — 
imentul  surtace  flow  pattern  and  static  pressure  data  revealed 
the  same  two  interaction  regimes  already  observed  at  Mach  3, 
namely,  cylindrical  and  conical  flow.  However,  the  boundary 
between  the  two  regimes,  while  having  roughly  the  same  shape  as 
at  Macti  '.i ,  l  ies  significantly  1  ower  in  terms  of  the  sweepback 
angle,  a  •  This  result  is  consistent  with  our  physical  interpre¬ 
tation  of  tiie  cy  1  i  ndr  i  ca  1 -con  i  ca  1  boundary  in  terms  of  invisid 
shoels  dot  acliinent  . 

The  cy ] i ndr i ca 1 /con i ca 1  flow  regime  boundary  at  Mach  2  is 
shown  in  Fig.  lb.  These  results  reveal  that  the  boundary  is 
approximated  by  an  inviscid  shock  detachment  line,  as  was  the 
case  at  Mach  3.  However,  the  Mach  number  characterizing  this 
dt;  t  achinen  t  line  '  1  .  bfi  ;  is  not  significantly  less  than  the 
freestream  Mach  number  (1.95;.  This  contrasts  with  the  earlier 
results  at  Macli  3,  wherein  the  detachment  line  was  best  charac¬ 
terized  by  a  Mach  number  of  2.2.  There  remains,  then,  the 
significant  problem  of  properly  characterizing  the  effective 
detachment  Mach  number  (if  there  is  one)  before  the  cylindrical/ 
conical  flow  regime  boundary  can  be  considered  as  reasonably 
defined  and  understood. 


C '  Coniral  Similar  it y  and  its  Potential  as 

a  I)  0\'ern]l  Scaling  Schemf  for  Dimension  1  ^ss 
3D  Int cract ions 

As  part  of  our  work  in  the  previous  contract  year,  both 
swept  and  uiiswept  leading-edge  fins  were  experimentally  investi¬ 
gated  at  Mach  3.  At  the  end  of  that  reporting  period  we  had 
found  the  resulting  interactions  to  be  approximately  conical  in 
all  cases,  regardless  of  sweepback  variations  in  the  fin  shock 
generiitor  geomeiiy.  Further  analysis  of  this  data  set  revealed 
a  potentially  powerful  simplification:  not  only  is  the  conical 
naluie  oi  tlie  interaction  inviuiant  to  sweephfick,  hut  also  the 
detailed  chaiactei  of  the  interaction  was  found  to  be  dependent 
only  upon  the-  invisid  shock  angle  impinging  on  the  turbulent 
boundary  la>(-i  .  Tlius  an  unswepf  fin  at  modernte  angle  of  attack 
produced  an  i n I e r ac t i on  similai  to  a  swept  fin  at  a  higher  angle 
of  attack,  so  long  as  the  inviscid  shock  angles  (go)  for  the  two 
cases  are  equal . 

A  thorough  discussion  of  eonicnl  similarity  for  swept  and 
unswept  fins  has  been  given  by  Lu  and  Settles  in  AIAA  Paper  83- 
175C.  The  key  figure  from  that  paper  is  reproduced  here  as  Fig. 
17.  This  figure  shows  that  the  important  conical  surface 
feature  angles  of  fin  interactions  (upstream  influence  3u» 
primary  separation  Bsi*  secondary  separation  6521  attachment 

B p^)  are  unique  functions  of  the  incident  shock  angle  60,  irre¬ 
spective  of  a  wide  variation  in  the  fin  geometry.  If  conical 


similarity  wat,  lournl  to  liold  for  other  shock  generators  as  well, 
then  the  cornerstone  of  an  overall  3D  interaction  scaling  scheme 
( the  primary  goal  ol  the  present  AFOSK  contract)  would  be 
es t  ab 1 i shed . 

A  comparison  between  the  two  major  classes  of  conical 
interactions  which  we  have  studied  extensively,  fins  and  swept 
compression  corners,  seemed  a  logical  step  in  the  extension  of 
conical  similarity  to  a  wider  class  of  flows.  This  was  not 
s  t  r  a  1  gh  t  1  Orwci  r  d  ,  howexf-r,  since  the  impinging  shock  angles  for 
arbitrary  swept  corners  are  not  know  a  Jiripri  and  are  not  simply 
calcuial/ie.  An  extensive  set  of  preliminary  experiments  con¬ 
sisting  ol  flowfitld  shadowgrams  was  required  to  establish  a 
correlation  of  swept  corner  shock  angle  vs.  the  corner  defining 
angles.  At  the  same  time  we  extended  the  conical  similarity 
data  base  by  running  a  limited  set  of  interaction  experiments 
with  n  new  shock  peneratory  geometry,  the  semicone,  because  the 
angles  of  cone-generated  shock  waves  are  known  a  priori  from  the 
classical  1 av 1 or-Macco  1  1  theory. 

An  initial  test  of  conical  similarity  for  fin,  semicone, 
and  swept  corner  shock  genrators  is  illustrated  in  Fig.  18  by 
comparing  interaction  upstream  influence  angles  8^  on  the  basis 
of  the  incident  shock  angle  go.  This  figure  reveals  that  the 
results  for  the  different  geometries  are  generally  close, 
lending  further  support  to  the  conical  similarity  hypothesis. 

The  somicone  and  X  -  70^  corner  results  are  quite  close,  while 


the  fin  dat';  fipT'ifn  I  o  dcsciibo  £i  slif^hlly  difft’ient  si,lc>i>c  in 
6u  •  Sq  space. 

Note  that  the  X  =  60^'  corner  data  approach  conical  similar¬ 
ity  asymptotically,  since  for  low  values  of  a  (and  thus  of  o  and 
Bq  )  this  shock  generatory  geometry  lies  near  the  conical/cyl in 
drica]  boundary  described  previously.  It  seems  that  swept 
c  oi  nc'j  ini  craf  t  ions  uiust  be  far  1 1  om  shock  detachment  in  order 
to  display  conical  similarity,  which  then  appeals  to  hold  only 
at  very  high  swe«;pbaf;k  angles.  Note  also  that  sufficiently  high 
values  (>i  swept  corrut  angles  a  and  X  tend  to  distoit  the 
swf  j'!  c(u Del  into  col  rf.'Spoudi.-Jice  with  the  fin  geometry.  This 
demonstrates,  intuitively,  that  there  must  be  limits  beyond 
whifh  ({.riif.il  similarity  will  hold  for  t>olh  shock  general  f)rs . 

Ftogress  during  1983-84 
1  )  S.tudy  of  the  Conical  Similarity  Principle 
PJ.  3-D  Shock  Wave/Turbulent  Boundary  Layer 
Xn t  e^  ac  t  ions 

The  previous  research  had  indicated  a  possible  conical 
similarity  principle.  Such  a  principle  could  unite,  in  a  common 
framework,  the  features  and  behavior  of  3D  interactions  produced 
by  geometrically  dissimilar  shock  generators  (fins,  swept 
corners,  etc.;.  The  initial  indication  of  such  a  similarity 
principle  was  at  hand,  though  it  was  already  known  from  previous 
work  (  Lu  Settles,  AIAA  Paper  83-  1756)  that  conical  similarity 
holds  among  interactions  produced  by  fins  of  dissimilar  geometry 


An  extensive  effort  to  develop  this  concept  of  a  conical  interac 
lion  similarity  principle  «ind  to  test  it  against  the  observed 
data  was  undertaken.  This  effort  required  a  new  series  of 
exp(!r iments  as  well  as  an  extended  analysis  of  the  problem.  The 
results  thus  far  have  shown  the  basis  of  a  similarity  principle 
for  fin  atid  swept  <:oinpress ion  corner  interactions,  but  the  cone 
results  have  not  been  satisfactorily  correlated.  In  the  fol- 
lowinj:  sections  sonu  ol  the  details  of  this  study  are  disc.ussed. 

The  3D  interaction  problem  is  believed  to  depend  upon 
stream  Mach  numlM  i  ,  shock  g(ii«-»-atoi  geoinetiy,  and  the  charac¬ 
teristics  of  the  incoming  turbulent  boundary  layer.  In  order  to 
limit  the  sc  o]ie  oi  the  problem,  in  our  studies  the  Mach  number 
has  been  hold  constant  at  a  value  of  2.95  and  the  boundary  layer 
Uc-yiioltis  iiuiiiIm  I  has  tui'ii  fixed  at  a  value  high  enouglit  to  insure 
mean  profile  equjjibcjum. 

Four  generic:  eonicnl  siiock  generators  have  been  chosen  as 
r  e  p  r  e  s  e  n  t  a  t 1 s  e  cases  for  the  present  study:  sharp  swept  and 

unswept  fins,  swept  comt>ression  corners  (at  sweep  angles  >  20^), 
and  semiconcs.  Fig.  1.  These  are  the  "building  blocks"  of  which 
such  practic;nl  aircraft  components  as  control  surfaces,  stabi¬ 
lizers,  inlet  ducts,  canopies,  etc.  are  comprised.  While  the 

semicone  geometry  is  specified  by  a  single  angle,  o  , 

the  other  geometries  require  both  a  deflection  angle,  (x  ,  and  a 


sweepback  angle,  \  ,  to  specify  them.  Note  further  that,  given 


la 


£»  sulficjfnt  rfingt  of  a  and  X  ,  the  fin  and  swe{>t  corner  geo¬ 
metries  seem  to  belong  to  the  same  family. 

A  knowledge  of  the  position  of  the  inviscid  shock  trace  in 
the  plane  of  the  boundary  layer  is  required  as  a  basis  for  the 
coordinate  frame.  However,  determining  3o  is  not  trivial.  It 
is  known  a  priori  only  for  unswept  fins  (from  the  exact  oblique 
shock  t  li<  oi  y  )  nnii  for'  sen.i-cones  (from  Tay  1  or-Mac:C:o  1  1  theory). 
For  swept  fins  and  compression  corners,  no  simple  soluions 
exist,  nnd  the  theoretical  determination  of  the  shock  shape 
rcquirrs  n  shock- f i ) t i ng  computational  Euler  solver.  Not  having 
such  a  c<»df  at  hand,  we  have  instead  measured  a  wide  range  of 
shock  shapes  directly  from  shadowgrams  of  the  flow  over  rhombic 
cones  and  deltii  wings  at  angle  of  attack.  The  latter  results 
were  correlntod  and  reported  by  Lu  t  Settles. 

loi  Jail)  use  it  is  iii.portant  to  know  not  only  the  inviscid 
shock  angle  ,  hut  also  thf  shai>e  of  the  shock  in  tne  vicinity 
of  the  swej't  fornei'.  Prior  to  detachment  the  shock  is,  of 
course,  planar.  Beyond  detachment  we  can  make  a  first  approx¬ 
imation  that  the  shock  follows  some  circular  arc  in  the  corner 
vicinity,  by  analogy  with  previous  studies  of  2D  detachment  from 
wedges.  By  taking  shadowgrams  of  several  rhombic  cone  models  at 
various  roll  angles,  it  was  possible  to  plot  the  corresponding 
shock  shapes  and  thus  obtain  several  r/x  vs.Oq  (the  detachment 
angle.'  data  points.  M.D.  Salas  has  also  computed  and  published 


'  r  r.  " 


the  shock  shapes  for  five  swept  corner  cases  at  Mach  3  in  AIAA 
Paper  79-  If.l  ]  . 

GivtMi  th<  aliovf;  background,  we  searched  for  an  appropriate 
form  for  a  similarity  principle  to  possibly  unite  the  disparate 
char  a<  t  el  i  s  t  i  es  of  i'in,  semicone  and  swept  corner  interactions. 

In  the  simplest  case,  a  single  "interaction  response  function" 
would  expres^.,  in  a  global  sense,  the  inte^rartion  characteris¬ 
tics.  Will  If  it  js  not  obvious  that  such  a  function  exists, 
experitnec  lias  shown  us  tha(  a  measure  of  the  interaction 
upstream  influcnie  (necessarily  an  angular  measure  in  a 

conical  flow)  serves  this  purpose  admirably.  However,  the  use  of 
upstream  influence  alone  has  been  criticized  on  the  grounds  that 
it  fails  to  indicate  the  downstream  erffects  of  the  interaction. 
Therefore,  ns  on  improved  response  function,  wo  propose  to  use 
the  incJudtci  conical  angle  ®si~  ^A1  ^  most  obvious 

features  ol  ilit  interaction  footprint;  the  sharp  "convergence 
line"  shown  hv  most  of  the  oil  flow  studies  and  designated  as 
the  "sepa ra L 1  on ” ,  and  the  area  of  divergent  surface  flow  line, 
designated  as  the  "attachment."  It  should  be  noted  that  this 
definition  is  ng_t  applicable  for  all  cases,  i.e.  at  low  deflec¬ 
tion  angles  of  the  fin  and  wedge,  no  such  char act er i s t i es  are 
observed . 

As  shown  schematically  in  Fig.  19  for  a  swept  corner 
interaction,  this  parameter  expresses  the  nond inens i ona 1  lateral 
spreading  rate  of  the  interaction.  In  principle,  the  lines  SI 
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and  A1  are  topologira]  ft-atures  of  the  interaction  footprint 
corresponding  to  loci  of  confluence  and  divergence,  respectively, 
of  tlu  suifacc  si;  in  friction  linos.  for  the*  pre-sent  interac¬ 
tions,  we  have  observed  possible  boundary  layer  separation  at  SI 
and  attachment  at  Al  by  way  of  flow  v  i  s  uii  1  i /.a  t  i  on  techniques  cf. 
Settles  h  Teng,  AIAA  Journal,  March  1983)  but  there  is  still 
sonio  question  of  tiio  interpretation  of  these  results.  We  are 
caul  j  out. ,  hc>w<\()  ,  no'  to  assume  that  such  surfac:e  lines  ajjva^-^ 

correspond  to  separation  and  attachment  in  any  given  flows  and 
nolo  afiain  tiiat  those  features  are  not  a  1  ways  observed  in  all 
flows. 

An  extensive  set  of  experiments  and  analyses  were  carried 
out  to  study  the  concept  of  interaction  response  function.  In 
the  connection  of  t  h<'  i'esi>oiise  function  to  thcr  observations  of 
.surface  oil  flow'.,  it  was  found  that  the  interaction  charac¬ 
teristics  d  e  p  c  II  u«  Cl  p  1  1  In  a  i  i  1  y  on  t  he  i  n  \  j  s  c  i  d  s  h  oc  1\  wave  s  t  r  eii  j;  t  fi 
and  shap'.-.  When  characterized  by  an  overall  angular  "interaction 
response  function,''  the  flow  studied  here  can  he  correlated  by  a 
simple  linear  dependence  on  inviscid  shock  angle  and  radius  of 
curvature.  It  appearerd  to  be  that  the  position  of  the  reattach¬ 
ment  lino,  whether  on  the  shock  generator  or  the  test  surface, 
was  n  critical  issue  since  there  appears  to  be  an  apparent  change 
in  the  normal  Mach  number  influence  on  interaction  size.  A 
conical  "free  interaction"  principle,  similar  to  that  for  2D 
flows,  was  derived.  Given  similar  values  of  shock  and 
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upstream  influence  angles,  the  footprint  topology  of  fin,  semi- 
cones,  and  swept  corner  interactions  was  found  to  be  virtually 
identical  ;Fig.  20  .  Surface  pressure  similarity  was  also  demon- 
stiateii  (Fig.  21,.  These  results  form  the  basis  of  a  generfil 
conical  similarity  scheme  which  unites  the  features  of  several 
geome  t  r  i  ra  1  1  d  i  s  s  i  ni  i  1  a  i  shock  generator  families.  There  are, 
however,  clearly  some  key  unanswered  questions  although  the 
gene)-;;!  coii(f'i>l  nolr-d  aho\e  set.'nis  to  be  applicable  for  a  relu- 
tivcls  Wide  range.  One  of  the  most  striking  features  is  what 
apjif'firs  1(1  he  tin  glohnl  connection  between  swept  corners  and  fin 
interactions,  but  the  lack  of  correlation  with  the  cone  results 
at  this  lim<.  .  Wc  havt:  also  no  clear  phyf.ical  understanding  of 
the  phenomena  although  we  have  been  quite  successful  in  our 
scaling  ail emp  t  s . 

2  '  II J  i’  1 1  Anglo  of  Attack  Shai~i>  Fin  ?tt\i(lic£. 

Will.  1  !:c  iii.jv-:  t  t  jii;.  of  swept  wedg(;s  foni'litcd  nroi  providing 
the  base  tor  extensive  analyses,  it  became  clear  that  Lire 
oijgriial  siii.rp  fin  studies  generated  shock  str'cng.ths  which  were 
not  as  strong  as  those  for  the  wedge  studies.  Since  the  sharp 
fin  interaction,  we  believe,  is  a  simpler  interaction,  and  the 
shock  strength  is  an  important  parameter  in  our  scaling,  we 
initiated  a  study  to  extend  the  sharp  fin  to  much  stronger  shock 
strengths.  Physical  limitations  on  the  ability  to  "start"  the 
tunnel  with  high  atiglc  sharp  fins  of  fixed  geometry  required  the 
cons  t  rue  t  i  oii  of  a  new  model  of  variable  geometry,  Fig. 


This 


geometry  provided  the  ability  to  start  the  tunnel  at  low  angles 

cuigles  oi  approx  i  niut  c.  1  y  12'  Once  the  tunnel  1  low  was 

established,  the  wedge  angle  could  be  increased  until  choking  of 
the  tunnel  took  place.  Results  were  obtained  for  angles  of  the 
fin  as  high  as  22'^.  The  results  of  these  studies  were  detailed 
in  the-  Mastc^r’s  degiee  of  Scott  P.  Goodwin.  Both  Euifac:e 
pressure  data  and  surface  flow  visualization  results  were 
obtained.  The  following  c-on  c- J  us  i  on  s  could  be  drawn: 

(  1  ;  The  surface  flow  features  of  strong  shock- i nduced 
i  nt  OI  ac  f  i  ons  ,  w  i  1  li  the  cxcc'ption  of  secondary  scjiaration,  are 
qualitatively  similar  to  those  observed  at  lower  angles  of 
attack.  The  ui'Sfrt:ain  extent  of  the  interaction  was  seen  to 
simply  inc roast  with  increasing  shock  strength. 

>2;  (islng  fioth  surface  flow  visualization  and  suriacc 
pressure  data,  sharp  fins  have  been  demonstrated  to  produce 

.'ifipi  <c.  i  n  f \  ''<i(i,'al  surfacr  feature  for  angle'.'.  e>f  attack  up  to 

o  o 

■  y- '  The  1)  ().s  t  r  c.'im  inflnencre-  scalig  scheme  of  Dolling  and 
Bogdonoff  was  shown  to  be  valid  for  sharp  fins  at  angles  of  up 
to  22'  at  a  Mach  number  of  2.95,  thus  increasing  the  generality 
of  the  principle. 

(4)  The  present  data,  as  well  as  that  of  Oskam,  showed 
that  the  streamwise  upstream  influence  length  was  proportional 

to  the-  freest  renn.  Mach  number. 


Ill  acidilioii  to  the  geiiciai  conclusions  a  series  of  important 
ob s r  ;  V a 1 1  oiifa  wci  e  made  of  importance  in  our  general  overall 
scaling.  As  the  anglf-  of  attack  of  the  fin  was  increased  the 
location  of  the  virtual  origin  of  the  conical  flow  moved  closer 
to  the  fin  leading  edge  in  both  the  streamwise  and  spanwise 
direction.  The  line  of  convergence,  "separation,"  was  found  to 
occur  at  a  pr  essure  levc-1  of  nj>j)roximfit  el  y  8fj%  of  the  plateau 
pressure  detorniined  from  the  wall  static  pressure  distributions. 
This  "  s  c  p  a  I  a  t  i  or  "  piessui'e  ratio  increased  with  incj'easing  angle 
of  attack,  inrreasing  unit  Reynolds  number,  and  decreasing 
buundai'N  Junci  tliickness.  A  feature  coiled  "secondary  separa¬ 
tion,"  which  developed  and  then  disappeared  during  the  variation 
of  fin  angle  1  i  oin  11''  to  22“  ,  was  also  found  to  depend  on 
boundary  layer  thickness  as  well  as  on  shock  strength.  It 
appeared  to  be  associated  with  the  dip  in  the;  streamwisrr  pressure 
distribution  wliich  was  dependent  on  the  boundary  layer  thickness. 
.Since  this  data  set  was  the  first  for  this  configuration  at  high 
sho< k  strengths,  direct  comparison  with  the  computations  of 
Knight  and  Horstman  were  of  particular  importance.  Both  the 
computations  of  Knight  at  an  angle  of  attack  of  20“ ,  Fig.  23,  anc 
those  of  Horstman  at  16“  showed  only  fair  agreement  and  has  been 
the  basis  for  continued  refinement  of  the  computational  methods. 
Strong  differences  and  similarities  with  two-dimensional  interac¬ 
tions  were  observed.  The  three-dimensional  data  were  quite 
different  in  that  the  initial  pressure  rise  changed  ns  the  shock 


sticngth  i  iicrcaseci ,  getting  stronger  as  the  shock  stiength 
increased.  in  two  d  i  niens  i  ons ,  the  initial  part  of  the  pressure 
distribution  remained  constant  once  the  flow  separated,  and  the 
gradients  were  less  than  the  weaker  shock  cases  where  the  flow 
was  not  separated.  The  Reynolds  number  dependenct;  for  both  two- 
and  three-dimensional  interactions  were  markedly  similar. 

2 )  Review  of  Different  Data  Sets 
Althougli  revi<!wing  the;  present  and  past  wc)rk  was  a  continu¬ 
ing  pail  <jf  the  subject  contract,  during  this  period  special 
emptia.sis  was  placed  on  trying  to  re-examine  a  serif^t;  of  questions 
which  tiad  arisen  as  ttie  research  had  progressed.  These  questions 
were  jirimarily  concerned  with  surface  features,  flow  field 
vi.sualization,  ttic  conical  'cylindrical  boundary,  and  the  question 
of  steadiness.  he-  <.ont  inucd  )  i>  search  for  tecliniques  wliich  would 
connect  ttie  surface  features  with  the  surface  pressure  distribu¬ 
tions  and  tti''  f  1  ow  f  i  c  I  d  survexs  that  have  been  made.  Many 
comparisons  were  made  of  pressure  distributions  and  surface  flow 
i  sua  1  i  a  t  i  on  .  An  example-  is  Fig.  24.  The  upstream  influence 
line  from  surface  flow  visualization  always  seems  to  agree  with 
the  first  indication  of  the  pressure  rise  from  the  wall  static 
pressure  distribution.  This  also  agrees  with  the  first  flowfield 
disturbances  that  arc  determine  from  flowfield  surveys.  The  line 
of  surface  flow  convergence,  usually  designated  as  "separation," 
was  found  by  Goodwin  to  be  at  approx  i  mat  c- 1  y  85%  of  the  plateau 
pre.ssure.  Thi.s  pressure  ratio  depended  weakly  on  the  test 
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vaiiables  bul  iiicjeased  with  increasing  shock  strength.  The 
prci, sui  (  I  at  ill  cKm  !  eased  as  the  houndjiry  layti  thickness  in¬ 
creased.  The  pressure  ratio  also  increased  as  the  unit  Reynolds 
number  was  increased.  With  increasing  shock  strength,  this 
feature  tended  to  occur  further  upstream  of  the  inviscid  shock 
location.  We  have  not,  thus  far,  been  able  to  connect  at^  of  the 
flow-field  surveys  with  this  feature  on  the  wall,  although  some 
cons  j  derab  1  f  eftOit  has  br-en  spent  in  trying  to  do  so. 

Tlie  var  iable  angle  studies  of  Goodwin  gave  the  opportunity 
to  exanino  tire  ff.fiturf  called  "secondary  scprirat  i  on" .  Secondary 
sefjaration  seemed  to  coincide  with  the  initial  peak  of  the 
streaniwise  pressure  distribution  although  many  times  it  was 
located  past  the  peak.  As  with  other  features  of  the  surface 
1  i  ow ,  't  nioved  closer  to  t  h*-  shock  as  the  unit  Reynolds  nurtrber- 
wa.s  increased,  agreeing  with  other  results  available  in  the 
Jitcratrrrc  .  Ther'c  was,  howevc-r,  a  significant  effect  which 
api’cared  to  depend  on  the  thickness  of  the  incoming  boundary 
lav'j  .  All  of  t  tie  features  noted  above  were  clear  when  the 
boundary  layer  was  thin.  When  the  results  were  compared  to  a 
thick  boundary  layer  (factor  of  4  thicker)  the  surface  feature 
was  no  longer  visible  and  the  pressure  distribution  was  also 
modified  so  that  there  was  less  of  a  dip  after  the  initial  peak. 
Again,  there  were  no  features  of  the  flowfield  survey  which 
appeared  to  be  connected  with  this  observation. 


I.ocril  \  MjHii  SI  I  t:<Mi  has  thus  iar  provided  one  of  the  few 
nu'thods  of  t  1  (ivv  \  i  s  ua  1  i  ?  a  t  i  on  wliich  have  been  applicable  to  the 
complex  interactions  under  study.  It  was  found,  however,  that 
the  interpretation  of  the  data  obtained  was  difficult  because  of 
the  highly  three-dimensional  nature  of  the  interaction  which  had 
to  be  inferred  from  two-dimensional  observations  (light  sheets). 
Altliough  the  light  screens  seem  to  show  flows  that  lift  from  the 
surtace,  it  should  be  noted  that  this  impression  cannot  be 
Vci  1  j  li.i  1  f  cJ  in  prof  tire  bf.'cause  Jio  illuminated  particle  at  one  part 
of  the  obsfM'vat i on  came  from  the  initial  part  of  the  interaction 
as  f)bE<  1  veil  1  )  cun  t  hf  lif-lit  screen.  Kacrh  particle  obscpvcrd  conu'S 
by  a  difleient  path  from  a  different  location  in  the  upstream 
flow.  These  initial  conditions  ore  unknown.  Considerable 
faithei  work  is  ifquirtd  to  interpret  these  results,  and  what  is 
necciecl  is  a  metiioci  for  tracing  streamlines  rather  than  illumi¬ 
nating  particles  in  arbitrary  two-dimensional  planes. 

The  con i rn 1 /c y 1 i ndri cal  boundary  for  swept  wedge  flows  was 
established  hy  Teng  f.  Settles,  Fig.  2.  The  major  conical 
similarity  work  has  been  restricted  to  the  upper  right-hand  area. 
It  should  be  noted  that  conical  flows  in  the  region  designated  is 
an  observation  of  the  general  characteristics.  To  try  to  use  the 
results  in  engineering  calculations,  one  must  know  the  location 
of  the  virtual  origin  of  the  conical  flow,  and  this  is  not  known 
a  priori.  As  one  approaches  the  suggested  boundary,  the  virtual 
origin  moves  furlher  and  further  from  the  physical  apex  of  the 


iridclcJ  'it  i  <!ii£.  I  y  if.  fit  infinity  when  the  so-called  border  is 

cros.sed  aiid  the  flew  beeom<s  ey  1  i  nd  r  i  ca  1  ^  .  Such  a  boundary  was 
also  established  for  Much  2.  There  still  is  some  considerable 
question  as  to  the  physics  involved  in  the  boundary  and,  in 
particular,  how  the  boundary  at  variable  Mach  numbers  might  be 
estimated.  At  the  same  time,  our  studies  have  been  able  to 
establish  that  the  boundary  for  the  full  flowfield  is  not  ns 
shariily  defined  as  suggested  in  the  original  test  series. 

The  quest  ion  of  steadifiess  has  become*  more  unci  niorf;  impor¬ 
tant  as  high  frequency  instrumentation  has  been  applied  to 
turhiijiipt  shod,  wfive  bound.-iry  l.iyet  i  nt  t;r  act  i  ons  .  A  study  of  t  he; 
unsteadiness  of  the  separation  shock  structure  on  a  two- 
dimensional  compression  ramp,  by  Dolling  fl.  Murphy,  showed  how  far 
from  mean  conditions  this  flow  actually  was  during  a  large 
frfulion  of  till  fimc'.  This  woik,  and  the  work  on  the-  blunt  fin, 
have  posed  a  serious  question  which  until  now  has  been  unanswered 
for  thre<'-d  j  mens  i  ona  J  interactions.  The  specific  application  and 
understanding  of  mu<  ti  of  our  modeling  is  based  on  the*  assumption 
that  the  flow  is  steady.  The  usual  assumption  is  that,  in 
turbulent  flows  the  known  unsteadiness  does  not  significantly 
affect  the  mean  values  obtained  from  experiment  or  computation. 
Questions  of  the  effect  of  unsteadiness  on  turbulence  modeling  is 
a  completely  unexplored  area.  These  considerations  dictated 


initiation  of  the-  now  program  noted  in  one  of  the  following 
sect  ions . 

A )  Interactions  with  Computational  Groups 
The  interactions  with  Dr.  C.  C.  Horstman  of  NASA-Ames  and 
Prof.  Doyle  Knight  of  Hutgors  were  increased  during  the  subject 
period  as  closer  and  closer  collaboration  has  been  developed. 

As  noted  earliei  ,  the  first  results  from  stronger  shocks  genei — 
ated  by  sharp)  fins  stimulated  a  new  set  of  computations.  In 
general,  the  computations  have  always  seemed  to  be  approximately 
correct  for  the  upstream  influence  line.  Tltey  do  not  seem  to  be 
able  to  predict  a  secondary  separation  line.  For  increased  shock 
strengths,  which  exhibit  sharp  changes  in  the  pressure  distribu¬ 
tion,  fas  exhibited  by  higher  swept  wedges  and  strong  sharp  fin 
shocks)  tlie  computations  generally  reflect  the  overall  pressure 
distributions  but  much  of  the  detail  is  missed.  Many  of  the 
stronge?-  gradient  ni'e  usually  underc'st  imated  .  Conti  nurd 
interplay  between  the  computations  and  the  experiments  are 
clearly  important.  From  the  experimental  point  of  view,  if 
validated  computations  can  be  obtained,  the  computations  provide 
a  way  to  do  studies  of  the  flowficld  which  are  thus  far  not 
possible  from  experiment.  From  the  computational  point  of  view, 
the  major  contribution  is  to  determine  where  the  arbitrary 
turbulence  models  and  computational  models  used  give  reasonable 


results. 


^ >  High  Frequency  Studies 

The  lirst  studies  of  surface  pressure  fluctuations  in  a 
three-dimensional  shock  wave  turbulent  boundary  layer  interaction 
were  carried  out  by  Tan,  et.al.  on  the  10°  sharp  fin,  the 
original  configuration  studied  by  Oskam  and  examined  in  considei — 
able  detail  by  McClure.  A  set  of  four  high  frequency  gauges 
located  0.2"  apart,  were  aligned  with  the  flow  direction  and  also 
parallel  to  the  upstrean?  influence  line  in  separate  tests. 
I'rcssurf'  f  1  uc  1  uti  t  i  ons  were  found  to  be  small,  in  contrast  to  the 
very  large  disturbancts  found  in  a  two-dimensional  compression 
raniji  shock  wave  boundary  layer  interaction  with  the  same  shock 
strength.  Cross  correlation  analyses  suggests  some  degree  of 
unsteadiness  in  (he  shock  structure.  This  initial  study  has 
shown  that  appropriate  measurements  can  be  made  using  these  new 
techniques  and  c  learly  extension  to  variable  shock  angle  is 
requ  1  r<  r:  .  ii,i-  data  of  Fig.  2”>  and  20  show  that  the  high  fre- 
quc'jjc  >  gauges,  wlidi  t  ime- avirragcd ,  givi  about  the  saini-  results 
as  the  standard  staiio  pressure  orifices.  It  also  shows  that 
there  are  significant  changes  in  the  fluctuation  levels  through 
the  interaction.  The  details  and  structure  of  these  fluctuations 
are  not  understood,  but  seem  to  follow  the  trend  shown  in  other 
work  which  indicates  that  pressure  increases  amplify  the  distur¬ 
bances  in  the  original  turbulent  boundary  layer.  The  effect  of 
the  three-dimensional  structure  and  of  the  "separation"  (if  it  is 
present  ,  has  \el  to  be  examined. 
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1 V .  con’cm;i)1nc:  kfmarks 

Tlie  subject  cunt  rad  has  supported  on  exteiisivt:  experimental 
study  of  three-dimensional  shock  wave  turbulent  boundary  layer 
interact  ion.s  caused  by  shock  generators  defined  solely  by  angles. 
These  geometries,  sharp  fins,  sharp  swept  fins,  and  swept  wedges, 
the  origiriti]  group  studied,  was  supplemented  by  a  few  tests  of 
semi-cones  during  ttie  latter  part  of  the  program.  Surface  flow 
\  i  suii  1  1  ;•  i;  t  i  on  results  were  otiiriined  for  all  gcoine  <  j  i  c*s  ,  many 
surface  static  pressure  distributions  were  obtained,  and  two 
dctailcil  f'Ktwf'M  Id  siiicc-vs  of  total  head  nnd  yaw  were  carried 
out.  Numerous  attempts  were  made  to  visualize  the  flow-field  and 
some  exploratory  studies  using  high  frequency  surface  pressure 
gauges  were  carried  ovt  to  evaluate  the  steadiness  of  the  flows. 
The  technical  results  have  been  presented  in  dcMail  in  21 
reports  and  publications  and  7  presentations  at  national 
meet i ngn . 

four  major  data  s<‘ts  were  devc-Joped.  The-  10'  sharp  fin  and 
the  24-40“^  swept  compression  corner  were  used  for  full  flowfield 
surveys  of  total  pressure  and  yaw  angles.  Sharp  fin  studies  from 
12°  to  22°  were  carried  out  by  examining  surface  pressure 
distribution  and  flow  visualization.  An  extensive  matrix  of 
surface  flow  visualization  of  wedge  angles  up  to  24°  and  sweep 
angles  up  to  70°  has  been  carried  out.  These  tests  have  provided 
extensive  new  information  on  three-dimensional  shock  wave 


boundai y  layer  interactions  and  provided  a  broad  base  to  check 
c  a  ]  c  u  1  cl  t  ion*. 

Significant  con  1  r  i  iiu  t  i  oiis  were;  made  in  each  area  of  "pro¬ 
posed  tasks"  of  the  original  proposal.  Extension  of  the  original 
scaling  laws  were  derived,  and  a  aajor  contribution  was  Bade  in 
showing  a  flowfield  similarity  for  the  initial  part  of  the 
i  nt  c;rcit  t  i  ons  of  t  lu  same  strength  shock  generated  by  different 
shock  geiiciatur  geometries. 

Th<'  major  extension  in  the  available  data  base  has  given 
indications  of  possible  physical  mech.anisms  and  flow  structures. 
However,  available  i  nst  rnintTil  at  i  on  has  not  been  ndc;quate  to 
clearly  define  the  details  of  the  structure  nor  reveal  the 
complex  physical  mechanisms  which  nre  involved  in  this  flowfield. 
Several  possible  mechanisms  have  been  proposed,  each  supported 
to  some  cIo)’,r<‘o  by  some  of  tin  results,  but  thi-  available  exper¬ 
iments  are  not  conclusive.  The  classification  of  flows  as 
conical  r.i  c  y  1  i  n  d  i  i  <  a  J  ,  the  concept  of  "separation,"  and  the 
steadiness  of  the  flow  have  all  been  described  in  general  terms. 
The  con i ca 1 /cy 1  i ndr i ca 1  boundary  is  not  as  sharply  defined  as 
originally  conceived,  separation,  as  indicated  by  surface  flow 
visualization,  has  not  been  found  to  significantly  influence  the 
flowfield  and,  although  the  flows  have  been  found  to  be  unsteady, 
the  unsteadiness  is  considerably  less  than  that  of 
two-dimensional  separated  flows. 


•  Li OF  n^nrKSlON'A l  PERSONN-KI.  in VOI.VEf) 
IN  THE  CONTHAC't'eFFOHT 


Androor’oul  os. .  Viannis,  Research  Staff  Member  and  Lecturer, 
Mechanical  and  Aerospace  Engineering  Department,  Gas 
Dynamics  Laboratory.  CArrived  May  1984.) 

B  o  g  d  o  ti  o  11' .  Seymour  M.,  Professor,  Mechanical  and  Aerospace 

Engineering  Department:  Director,  Gas  Dynamics  Laboratory. 

polling,  David  .S .  ,  Research  Staff  Member  and  Lecturer,  Mechanical 
and  Aerosprif  e  Engineering  Department,  Gas  Dynamics  Labora- 
toty.  (Left  Jul>'  22,  1983,  to  accept  position  as  Assistant 

Professf)!  ,  University  of  Texas,  Austin.) 

Settles,  Gary  S.,  Research  Engineer  and  Lecturer,  Mechanical  and 
A'tospnre  L  n  c:  i  n  ee  r  i  n  g  Department;  Managei',  Gjis  Dynamics 
Laboratory.  (Left  July  31,  1983,  to  accept  position  as 
Assistant  Professor,  Penn  State.  ) 

Smits,  A.  J.,  Associate  Professor,  Mechanical  and  Aerospace 
Engineering  liepartmeni  ,  Gas  Dynamics  Laboratory. 

Tan,  David  K.  C.,  Research  Staff  Member,  Mechanical  and  Aerospace 
Engineering  Department,  Gas  Dynamics  Laboratory.  i Arrived 
October,  1 983 .  ■ 

7  <-i; ,  II .  -  V  .  .  t>'‘'ear<ti  S  t  a  i  1  M<-ii;i>ei  .  Visiting  R(rsi-arch  Enginf^er 

from  China  -  returned  August  1982.) 

^radua  t  e  _S  t  u_den,t  s 

Lu,  Frank  K.-P.,  "An  Experimental  Study  of  Three-Dimensional 
Shock  Wave  Boundary  Layer  Interactions  Generated  by  Sharp  Fins," 
MSE  Thesis  #lf)84-T,  December  1982. 

McClure,  William  B.,  "An  Experimental  Study  into  the 
Scaling  of  an  Unswept -Sharp’-Fin-Generated  Shock/Turbul  ent 
Boundary  Layer  Interaction,"  MSE  Thesis  #1597-T,  January  1983. 

Muri>hy,  Mark  T.,  "An  Experimental  Investigation  of  the 
Separation  Shock  Wave  Unsteadiness  in  a  Compression  Ramp  Flow- 
field,"  MSE  Thesis  #1605-T,  May  1983. 


McKenzie,  T.  Michael,  "A  Flow  Field  Scaling  of  the  Three- 
i)  j  lut.  rii,  i  oiiti  1  siiorK  Iiouiicltij  V  Layer  I  ii  t  erat;  t  i  on  ol  the  bwept 
Compression  Corner,"  MSE  Thesis  #1598-T,  June  1983. 

Kiinniel,  h .  ,  "Conical  i>imilarity  in  Shock  Wiive  Boundary 
Layer  Interaction,"  Ph.D.  Thesis  in  preparation. 

Tran,  T.,  "Experimental  Studies  of  Mach  Number  Effects  in 
Shock  Wave/ T ur b u 1 en t  boundary  Layer  Interactions,"  Ph.D.  Thesis 
in  preparation. 


V I  •  s_^i.l.NT I F T c  ..interaction;? 

Iiuiiiip  tbo  3-veaf  period  of  the  suh.iect  contract,  staff  and 
students  carryinfj  out  the  research  program  interacted  strongly 
with  many  organizations  and  individuals  outside  of  the  Gas 
Dynamics  Laboratory.  The  research  program  was  a  focus  for  a 
significant  group  involved  in  studies  or  applications  of  shock 
wave-  turtiulcnt  lioundary  layer  interactions.  Many  discussions 
wei e  very  helplul  in  the  formulation  of  plans  for  the  expet- 
imenls,  1  ri  t  (  I  j) »  (•  t  a  t  i  on  of  results,  and  clarification  of  concepts. 

Outside  of  the  many  usual  contacts  at  technical  meetings, 
i  s  1  (  c  and  scitiin>;!f.  at  other  research  and  industrial  Jabora- 
tories,  atid  visits  and  seminars  by  others  at  the  Gas  Dynamics 
laboratory,  several  very  strong  and  important  interactions 
developed  in  collaborative  efforts  which  had  a  significant 
iiui>a<  t  on  lli<  resenreh  prograiii.  Hrobably  most  important  whs 
the  eaily  devc  1  oj>nif.'n  t  of  links  with  the  strong  computational 
gt  oup  at  NAhA-Aiiies,  through  Dr.  C.  C .  Rorstman,  and  later  t  he 
close  connection  established  willi  Prof.  Doyle  Knight  at  Rutgers. 
These  two  groups  are  probably  the  foremost  researchers  working  on 
the  development  of  computational  techniques  for  the  solutions  of 
the  Navier-Stokes  equations  and  the  application  of  these  solu¬ 
tions  to  high-speed  complex  interactions.  Many  meetings  and 
telephone  discussions  were  important  elements  in  the  planning  of 
the  tests  and  computations,  and  in  the  review  and  critique  of 
both  the  data  sets  gencfroted  and  the  efforts  of  the 
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computation  to  duplicate  the  results.  The  results  of  the 
interactions  have  ended  up  in  several  jointly  authored  papers. 
These  papers  are  rather  unique  and  very  important  in  the  develop¬ 
ment  of  not  only  understanding,  but  engineering  tecliniques  to  use 
the  results  in  practical  applications.  The  problem  of  turbulence 
modeling  in  suf.li  i  n  I  er  fict  i  ons  is  one  of  the  most  difficult 
unsolved  problems  in  fluid  mechanics.  The  inadequacy  of  the 
present  turbulence  models,  in  some-  case-s,  or  the  insensitivity  of 
the  phenomeMd  to  the  turhulenee  model  in  others,  could  only  be 
deteiuisind  by  Itii'  <1*  tiijled  t  euiipa  r  i  se>»i  of  spee^ific  expel  iuients 
and  comput  at i on . 

The  i  ri  t  e  t  ne  t  i  ons  and  r  o  1  ]  al>or  n  t  i  on  with  I’rof.  George-  Inger 
of  the  Lnivfcisity  e,  <  eOloiado,  ptuvided  an  input  of  analytic 
stuci^  base  ft  (11  (I  loJe  de  ck  ;ne.)i>  and  attempts  to  model  the 
complex  flows  <  '  the  i  n  t  e»  r  a  <  t  i  on  s  under  consideration.  The  many 
d  I  -■.  >  11  '  ,  ,  ■  I  •  ■  :  .  1  I. ,  I  t  (■  h  j  <  h  w  !■  I  <  p  u  I  t  1  cu  ]  a  I  1  \  helpful  in 

dexelopjiit  pt.ysital  insights  ot  the  possible  undet  lying  princi- 
r  1  t  -  ‘  \  .  1 1  J  .  u  -  .  1  '  .1  if  till  f  1  ow  I  i  I  •  1  d  . 
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Fig.  4,  Sketch  of  Swept  Compression  Corner  Geometry, 
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Fig.  9.  Streamwise  Surface  Pressures  from  Swept  Fin  Experiments, 
Collapsed  in  Conical  Coordinates. 
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Fig.  15.  Scaled  Plot  of  Flowfield  Features  of 
24-40  Swept  Comer  Interaction  for 
Both  Thin  and  Thick  Boundary  Layers. 
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